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Abstract
A novel hybrid configuration of solar parabolic trough collectors–waste incineration power plant was recently analyzed 
energetically in Denmark. Taking into account the true meaning of sustainability which is environmental friendliness and 
cost-effectiveness, and considering the existing gap of knowledge on the thermodynamic performance aspects of this hybrid 
system, this work conducts a thorough thermodynamic and sustainability analysis of this power plant. The main aim is to 
give a clear picture of the main advantages and any possible shortcomings of the hybrid power plant. For this purpose, the 
performance of the system is simulated for an entire year of operation under realistic solar irradiation fluctuations. The energy 
performance indices of the system are quantified and discussed. The exergy assessment of the hybrid cycle is accomplished, 
and the main sources of exergy destruction and economic losses are identified. The results show that the steam generator 
and the turbine cause the largest rates of irreversibilities of 36% and 20.8%. The environmental benefits and the overall cost 
of energy production of the system are calculated and compared to some other alternative power plants. In addition to the 
consistency of electricity production, the LCOE of the hybrid power plant decreases by 67% in comparison with the solar 
power plant. Comparing the system with a natural gas-fired power plant in terms of  CO2 emission, it is shown that the hybrid 
system leads to less 74.5 thousand tonnes of  CO2 emitted over an entire year.

Keywords Parabolic trough solar collector · Waste incineration · Thermodynamic and sustainability analysis · Dispatchable 
power · Performance improvement

List of symbols
A  Area (m)2

D  Diameter (m)
ECO2e  Amount of CO2e emission (–)
Ėgen  Electricity power (kW)
Eλ  Emission of different types of greenhouse 

gases (–)
Ex  Exergy (kW)
GWPλ  Global warming potential of greenhouse 

gases (–)
h  Enthalpy (kJ kg−1)
hc  Convective heat transfer coefficient 

(kJ m−2K−1)
I$t  Installation fees ( $)
IAM  Incidence angle modifier (–)
K  Thermal conductance (kJ m−1K−1)

LHV  Low heat value (kJ kg−1)
M$  Maintenance fees ($)
ṁ  Mass flow rate of the first preheating line 

(kg s−1)
ṁPTC  Mass flow rate solar field (kg s−1)
ṁs  Total mass flow rate of steam (kg s−1)
Nu  Nusselt Number (–)
O$t  Operation fees ( $)
P  Pressure (kPa)
Pr  Prandtl number (–)
q

′

12Conv
  Convective heat transfer between SHTF 

and the absorber (kJ m−1)
q

′

23Cond
  Conductive heat transfer through the 

absorber wall (kJ m−1)
q

′

34Rad
  Heat transfer from the absorber to the 

glass envelope (kJ m−1)
q

′

3SolAbs
  Solar Heat absorbed by the absorber 

(kJ m−1)
q

′

45Cond
  Conductive heat transfer through the glass 

envelope (kJ m−1)
q

′

56Conv
  Convective Heat transfer from the glass 

envelope to the atmosphere (kJ m−1)
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q
′

56Rad
  Radiative Heat transfer from the glass 

envelope to the atmosphere (kJ m−1)
q

′

57Rad
  Radiative Heat transfer from the glass 

envelope to the sky (kJ m−1)
q

′

5SolAbs
  Solar absorption in the glass envelope 

(kJ m−1)
q

′

cond
  Heat rejected in condenser (kJ kg−1)

q
′

Cond,bracket
  Conductive heat transfer through the 

bracket support (kJ m−1)
q

′

si
  Solar irradiation per receiver length 

(kJ m−1)
Q̇cond  Rate of heat rejected in condenser (kW)
Q̇WI  Heat released in waste incineration process 

(kW)
T  Temperature (K)
y  The flow rate of steam withdrawals form 

the first turbine (–)
y′  The flow rate of steam withdrawals form 

the second turbine (–)
Ẇ   Work production rate (kW)
$MSW  Annual cost of the municipal waste ($)
C, H, O, N, S  Mass fraction of carbon, hydrogen, oxy-

gen, nitrogen and sulfur

Greek symbols
�abs  Absorptance of the absorber
αenv  Absorptance of the envelope
�  Emittance
�x  Exergy efficiency
�
′

1
  Shadowing factor

�
′

2
  Tracking error

�
′

3
  Geometry error (mirror alignment)

�
′

4
  Dirt on mirrors

�
′

5
  Dirt on collector

�
′

6
  Unaccounted factor

�  Efficiency
�abs  Effective optical efficiency at absorber
ηenv  Effective optical efficiency at the glass 

envelope
�gen  Electricity generation efficiency
ξ  Exhaust gas volume
�WI  Thermal efficiency of waste incineration 

plant
τ  Transmittance

Subscripts
A  Air
abs  Absorber
c  Cover
ci  Cover inner
CFWH  Closed feed water heater
ch  Chemical
conv  Convection

CT  Cooling Tower
De  Destruction
env  Envelope
FG  Flue gas
G  Generator
gen  Generation
HC  Hybrid cycle
HPT  High-pressure turbine
IPT  Intermittent pressure turbine
LPT  Low-pressure turbine
MC  Mixing chamber
MSW  Municipal solid waste
Net  Net
OFWH  Open feed water heater
opt  Optical
P  Pump
PH  Preheater
PTC  Parabolic trough collector
Rad  Radiation
RC  Rankine cycle
s  Steam
SF  Solar fluid
SG  Steam generator
Sol  Solar
ST  Steam turbine
WI  Waste incineration

Introduction

A significantly higher share of renewable energy in the 
national energy systems is a serious aim of many countries 
which is, of course, much challenging in many aspects [1]. 
For example, the most popular renewable energy sources 
(solar and wind energy) are available on irregular profiles 
[2]. This is even of more importance for solar technologies 
as they are being used in a much wider range of applications 
in all the energy sectors including heating, cooling, power 
and even transportation [3]. Among the possible fluctuat-
ing energy stabilization methods, the use of energy storage 
systems and the hybridization of such systems with conven-
tional energy production technologies might be considered 
as the two best solutions [4].

Energy storage technologies emerge as a response to 
synchronizing electricity supply and demand, thus ena-
bling the electrical grid to be managed in a consistent man-
ner [5]. Although heat storage technologies have mature 
state of the art making it quite easy and affordable to store 
renewable heat (including solar heat), the knowledge of 
electricity storage is still in the development phase. Apart 
from batteries that offer a high energy efficiency but yet 
suffer from the low energy density and high cost, there 
are a large number of mechanical/chemical energy storage 
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systems, such as flywheel storage [6], pumped hydropower 
storage [7], high-temperature heat and power storage [8], 
and compressed air energy storage [9] [10], each of which 
has its disadvantages, slowing down its deployment in the 
energy market.

Europe is pursuing an aggressive program to increase its 
share of renewable energy sources [11]. The combination of 
the intermittent renewable energy systems, specifically solar 
technologies, with conventional controllable energy produc-
tion systems for delivering a stable energy output is also a 
broadly used and reliable measure [12]. Achour et al. [13] 
presented an analysis of a hybrid solar power plant in the 
south of Algeria via thermodynamic modeling and calculat-
ing the achievable solar-to-power efficiency from the hybrid 
plant. Liu et al. [14] investigated a novel hybrid cogenera-
tion solar-exhaust heat power plant and calculated the total 
and electrical efficiencies of, respectively, 80.6% and 24.7%. 
Parisch et al. [15] suggested the hybridization of solar col-
lectors and heat pumps (with the ground as the low-temper-
ature heat source) and did an energy/exergy assessment of 
the system via developing the system model in TRANSYS. 
Khan et al. [16] presented a combined configuration, com-
prising solar systems with other sources/systems, for supply-
ing the electricity of a Chinese island. Li et al. [17] offered 
a cascade power plant design in which a solar system and 
a natural gas-driven system are combined, concluded that 
the hybrid system offers a faster payback period than a solar 
Rankine cycle. A review of solar PVT collectors employed 
in cogeneration power plants was presented by Kasaeian 
et al. [18]. A system of energy combining solar collectors 
and fuel cells was presented for a Lebanese city [19], and it 
was concluded that the combinations of fuel cell-PV and fuel 
cell-solar thermal result in almost the same energy produc-
tion level while the former will lead to a better minimum 
threshold power. Arabkoohsar and Andresen [20] proposed 
an intelligent hybrid design of solar-based cold production 
system and district heating supply for providing a hospital 
with stable profiles of cooling and heating.

Solar thermal power plants may come in various tech-
nologies including parabolic trough systems, linear Fresnel 
reflectors, solar dish/engine systems, and solar power towers 
[21]. Apart from the type of technology, all of the above-
mentioned systems suffer from the intermittent source of 
energy. Thus, for the efficient performance of these technolo-
gies, either the use of an energy storage system or a hybridi-
zation with a secondary source of energy is vital. Hybrid 
concentrating solar power plants combined with different 
gas firing technologies [22], a solar thermal power plant 
combined with a geothermal power plant and a heat storage 
system [23], hybrid conventional fuel-solar electricity pro-
duction plants [24], etc., are only a few of the many hybrid 
solar power systems studied before. A comprehensive review 
of various hybrid solar power systems with conventional 

power technologies such as Brayton, Rankine, and the com-
bined cycles is presented by Behar [25].

Waste incineration plants are quite common in many of 
the world’s national energy systems today [26]. The main 
reasons for this are that not only incineration is a good 
method of disposal of municipal solid waste in environmen-
tal aspects but also releases much heat that might be utilized 
for power generation or heat supply for other applications 
[27]. Countries like Denmark and Germany are among those 
lands which take this business seriously to the extent that 
they import municipal solid wastes from other countries 
[28]. Munster and Meibom [29] analyzed the feasibility of 
further implementation of municipal solid waste incinera-
tion plants in the future in different countries of the world. 
Erikson et al. [30] investigated the technical performance of 
various waste firing energy production technologies when 
employed for supplying the demanding energy of district 
heating systems. Udono and Sitte [31] proposed and mod-
eled a waste incineration-based plant for seawater desalina-
tion. Hedberg and Danielssen [32] studied the feasibility 
of waste firing driven absorption machines for supplying 
the demanding cooling energy of residential districts in 
Thailand.

Recently, Sadi and Arabkoohsar [33, 34] proposed a 
hybrid configuration of solar parabolic trough collector 
(PTC)-waste incineration plant aiming at stabilizing the 
energy production of solar thermal power plants. In this 
hybrid solar–waste system, the waste firing unit comes as an 
auxiliary heat supply system for compensating the fluctua-
tions of the available solar energy for the plant. In this way, 
the power plant could be managed to produce power at a cer-
tain desired level at any time of the day and the year. It was 
shown that by such integration, increased dispatchability, 
more reliability, and improved efficiency may be achieved. 
This study, as the supplement of the previous work, pre-
sents thorough sustainability and thermodynamic analysis of 
the hybrid PTC-waste incineration system to better address 
the pros and cons of the system and find the main energy 
and exergy loss/destruction points and reasons in the cycle. 
Based on the obtained results, a sort of recommendations for 
improving the energy and exergy efficiencies of the plant, 
and subsequently enhancing its economic index and envi-
ronmental friendliness, are presented.

Hybrid solar–waste power plant

Figure  1 illustrates the configuration of the combined 
solar–waste firing power plant which comes with a Rankine-
based power block.

As seen in the figure and as mentioned before, in this 
system, the waste incinerator is to be the auxiliary source 
of heat for the power plant which compensates for the 
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fluctuation of solar irradiation. Therefore, the solar thermal 
unit which is indeed a farm of LS2-PTC collectors is the 
primary source of the energy of the hybrid power plant. The 
heat supplied by the solar field and that provided by the 
waste incineration unit is given to the steam of the power 
block (a Rankine cycle) via the steam generator.

PTC is one of the common types of concentrating tech-
nologies for solar thermal power systems. Figure 2 repre-
sents the schematic of a PTC (upper panel), the cross-sec-
tional view of its receiver (lower panel, left), and the grid 
of thermal resistance from the working fluid through the 
receiver (lower panel, right). There is very detailed informa-
tion about how PTC panels operate in Ref. [33]. In addition, 
the NREL [32] has extensively modeled and experimentally 
analyzed the performance of such solar collectors and pre-
sented a comprehensive report which can be used as the ref-
erence of calculations and also a resource for the validation 
of mathematical and numerical models developed on PTCs.

Having detailed information about how solar collectors 
operate and how much energy the solar field can deliver 
at every moment, one can evaluate the heating duty of the 
waste incinerator. For simulating the process of incinera-
tion in the waste incinerator chamber, a specific municipal 
solid waste mixture is considered based on which the heating 
value of the waste is also calculated. The waste incineration 
process is assumed to take place in an incineration chamber 
(with waste source and a huge amount of air as the inputs), 
and the outputs of the chamber will be ash (almost one-sixth 
of the waste mass) and hot flue gas flow. With 80% excess 
air in the incineration process [36], the calculations give the 

flue gas temperature of 1367 K at the chamber outlet. The 
design of the second part of the steam generator (the part 
associated with delivering waste firing unit energy to the 
power block) is so that the flue gas at the boiler exhaust will 
be at 483 K [37].

The power block of the system is a Rankine cycle with 
three turbine stages which is broadly in use in many real 
power plants all around the world. As the Rankine power 
cycle is a well-known technology and there is quite mature 
literature for that, no more elaboration on the details of the 
operation of such a plant is presented here.

Table 1 details the features of the PTCs used in the simu-
lations of this work (i.e., the module of the LS-2 parabolic 
PTCs which is broadly referenced in the literature [38]), the 
waste incinerator unit [36] and the power block of the hybrid 
power plant [39].

It bears mentioning that the sizing of the power plant has 
been somewhat random because there is no specific case 
study with a solid load profile for the study. Thus, just as a 
random yet reasonable value, the solar thermal unit is sized 
for a nominal capacity of 15 MW electricity output of the 
power block. Regarding the waste incineration unit, in order 
to not fall way below the optimal operating conditions, the 
operation of the unit is so planned that its load never falls 
below 25% of its nominal capacity. In addition, for maximiz-
ing the solar field’s heat supply share in the hybrid plant, the 
waste incineration unit will operate at the minimum level by 
the time of peak solar irradiation availability. Having said 
this, the waste incineration unit is sized as 20 MW at full 
capacity.

Fig. 1  The schematic of the 
hybrid power system, i.e., a 
Rankine cycle driven by a com-
bined solar–waste heat source; 
CFWH: closed feedwater tank, 
OFWT: open feedwater tank, 
WI: waste incinerator
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Mathematical model

The mathematical model of the hybrid power plant is pre-
sented in four different parts of energy, exergy, economic 
and environmental modeling.

Energy model

There is a comprehensive energy model of this hybrid sys-
tem in [33]. Therefore, a brief energy model of the hybrid 
power plant is given here.

For the power plant, the overall energy efficiency is 
defined as the rate of the amount of electricity generated by 
the generator (ĖG) divided by the rate of input energy, which 
is the summation of the solar energy irradiated to the collec-
tors’ field (İSol) and the energy input of the waste incineration 
unit (LHVWI) [33]:

In the Rankine cycle, the amount of producible power is the 
summation of the work produced by the three high-pressure, 
medium-pressure and low-pressure turbines minus the work 

(1)𝜂HC =
Ėout

Ėin

=
ĖG

İSol + LHVWI

consumed by the pumps multiplied by the efficiency of the 
generator; thus, one can write [33]:

With present pressure and temperature values at different 
points of the cycle, the steam flow rate through the cycle 
( ṁS) can be calculated by [33]:

where w represents the specific work of turbomachinery in 
the cycle, ṁ is mass flow rate and the subscript PH refers to 
the preheating lines.

Denoting y and y′ for the flow rate of steam withdrawals 
for the first and second preheaters, the energy balance of the 
condenser will be as below:

The mass and energy balance equations for the steam gen-
erator will be as [33]:

(2)
Ẇnet =

ĖG
/
𝜂G

; where ∶ Ẇnet = ẆHPT + ẆIPT + ẆLPT −
∑

ẆP

(3)

Ẇnet = ṁSwHPT +
(
ṁS − ṁPH1

)
wIPT,I

+
(
ṁS − ṁPH1 − ṁPH2

)(
wIPT,II + wLPT

)

− ṁS

∑
wP

(4)Q̇C = ṁS

[(
1 − y − y�

)(
h5 − h6

)]

Fig. 2  The schematic of a PTC (up), its central pipe (down-left); and its thermal resistance circuit (down-right) [35]
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where the subscripts PTC and FG represent the PTC and the 
flue gas flow after the incineration chamber, respectively.

The energy equation for the open and closed feedwater 
tanks, as well as the mixing chamber, can simply be written 
based on the first law of thermodynamics. In order for ful-
filling the above-presented modeling, one needs the model 
of the heat supply components, i.e., the solar collectors and 
the incineration process.

(5)ṁPTC ⋅ ΔhPTC = ṁS

(
h14 − h13

)

(6)ṁFG ⋅ ΔhFG = ṁS

(
h1 − h13

)
+ ṁS(1 − y)

(
h3 − h2

)

Regarding the PTCs, considering the heat flow diagram 
and the thermal resistances given in Fig. 2, one may write 
[33]:

(7)q
�

12Conv
= q

�

23Cond

(8)q
�

3SolAbs
= q

�

34Conv
+ q

�

34Rad
+ q

�

23Cond
+ q

�

Cond,bracket

(9)q
�

34Conv
+ q

�

34Rad
= q

�

45Cond

Table 1  The characteristics of 
the PTCs, waste incinerator and 
the power block

Unit Parameter Value

Solar collectors PTC’s width/length 5/7.8 m
PTC’s focal distance 1.71 m
Area of the aperture of the PTC 39.0 m2

The concentration ratio of the PTC 22.74
Inner/outer diameter of the receiver 66/70 cm
Inner/outer diameter of the cover 109/115 cm
Receiver/cover emittance factor 0.2/0.95
Absorbance factor of the absorber tube 0.96
Reflectance factor of the concentrator 0.83
Intercept factor 0.99

Waste Incineration Type of waste Municipal solid waste
Mass proportion of the compositions 5.91% Ash

47.18% Carbon
6.25% Hydrogen
39.57% Oxygen
0.91% Nitrogen
0.18% Sulfur

Heating value of waste 12,500 kJ kg−1

Percentage of excess air 80%
Temperature of combustion products 1376 K
Temperature of flue gas 438 K
Heat transfer working flow Industrial oil
Maximum production capacity 20 MW
Minimum operation level 5 MW

Power Block Nominal capacity 20 MW
Working fluid Steam/water
Inlet temperature of the high-pressure turbine 500 °C
Inlet temperature of the medium-pressure turbine 500 °C
Inlet temperature of the low-pressure turbine 350 °C
Inlet pressure of the high-pressure turbine 10 MPa
Inlet pressure of the medium-pressure turbine 3 MPa
Inlet pressure of the low-pressure turbine 0.25 MPa
Condenser pressure 10 kPa
Isentropic efficiency of turbines 85%
Isentropic efficiency of pumps 85%
Energy conversion efficiency of the generator 95%
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The terms defined in the above equations are all the heat 
transfer flows indicated in Fig. 2 and also mentioned in the 
nomenclature of the article. A detailed formulation of these 
parameters can be found in [40]. These parameters are also 
formulated briefly here.

For q′

12Conv
 , as a convection heat exchange flow, one has 

[33]:

q
′

23Cond
 is conduction through the absorber pipe and is for-

mulated as [33]:

q
′

34Rad
 is the heat radiation from the absorber and can be 

calculated by [33]:

To calculate q′

45Cond
 , as the thermal conduction through 

the envelope, the air thermal conductance of Pyrex glass 
envelope is considered 1.04 W m−2 [41].

q
′

56Conv
 is the convective heat losses from the cover to the 

ambient and might be calculated by [40]:

Irradiation from the envelope, i.e., q′

57Rad
 , is given by [33]:

Here T7 is effective sky temperature (K) and ε5 is the emit-
tance factor of the envelope.

The incoming solar radiation from the reflector to the 
receiver is absorbed by the envelope (i.e., q′

5SolAbs
 ) and the 

absorber (q�

3SolAbs
) . These parameters are defined as below 

[33]:

(10)q
�

45Cond
+ q

�

5SolAbs
= q

�

56Conv
+ q

�

57Rad

(11)q
�

HeatLoss
= q

�

56Conv
+ q

�

57Rad
+ q

�

Cond,bracket

(12)q
�

12Conv
= hc1D2�

(
T2 − T1

)

(13)q
�

23Cond
= 2�kabs

(
T2 − T3

)
∕ln

(
D3 − D2

)

(14)q
�

34Rad
=

��D3

(
T4
3
− T4

4

)
(
1∕�3 +

(
1 − �4

)
D3∕

(
�4D4

))

(15)q
�

56Conv
= hconv−outD5�

(
T5 − T6

)

(16)hconv−out =
k56NuD5

D5

(17)NuD5 = CRem
D5
Prn

6

(
Pr6

Pr5

)1∕4

(18)q
�

57Rad
= ��D5�5

(
T4
5
− T4

7

)

(19)q
�

glass - Abs
= q

�

si
�
�

1
�
�

2
�
�

3
�
�

4
�
�

5
�
�

6
�cl.IAM.�env

in which q′

si
 and αenv are solar energy radiated on a unit 

length of the receiver, and the absorptance factor of the 
glass envelope. The term IAM represents the incidence angle 
modifier, αabs is the absorptance factor of the absorber, and 
τenv is the glass envelope transmittance factor.

With respect to the incineration process, the following 
equations as the mass and energy balance equations on the 
incinerator chamber are used [42]:

where the subscripts A, MSW and Ash stand for the airflow 
and the waste injected to and the ash discharged from the 
chamber. Also, j and k are the counters of the components 
of the waste and flue gas mixtures, respectively. Note that h̄ 
refers to the total enthalpy including the physical and chemi-
cal enthalpies of the components.

Exergy model

Before presenting a detailed exergy model of the hybrid 
system, a short explanation of the fundamentals of exergy 
analysis is given. Exergy (EX) is technically defined as the 
maximum work production potential of an entity, e.g., a fluid 
stream, etc., due to the different conditions it has compared 
to the dead state, i.e., the thermodynamic equilibrium of the 
entity with the environment.

By the same token as the previous section, the exergy 
model of the hybrid system comes in the four subsections of 
the whole system model, the Rankine cycle exergy model, 
the model of the solar collector module, and the model of 
an incineration process.

The hybrid system The rate of exergy input of the power 
plant is the summation of the exergy of the waste material 
supplied ( ̇EXWI ) and the incoming solar exergy ( ̇EXSol ). This 
can be written mathematically as below:

The net exergy output of the system is equal to the rate of 
power produced at each time step ( ĖG ). The overall exergy 
efficiency of the whole hybrid system ( �HC ) can then be 
given by [43]:

The Rankine cycle The net exergy output of the hybrid 
system is directly a function of the exergy efficiency of the 

(20)q
�

absorber−Abs
= q

�

si
�env�env�abs

(21)ṁA + ṁMSW = ṁAsh + ṁFG

(22)ṁAh̄A +
∑
j

ṁjh̄j = ṁAshh̄Ash +
∑
k

ṁkh̄k

(26)̇EXin =
̇EXWI +

̇EXSol

(27)𝜀xHC =
Ėgen

̇EXSLR +
̇EXWI
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components of the Rankine cycle. By calculating the rate 
of exergy destruction through/by a component, and having 
the rate of exergy input of that, one could easily assess the 
exergy performance of the given component. For this, one 
can write [43]:

where �i is the exergy efficiency of component i and ̇EX
De

i
 is 

the rate of exergy destruction of the component.
Having said this, the rate of exergy destruction of the 

two-stage boiler, so-called steam generator, ( ̇EXDe

SG
 ), can 

be given by [43]:

in which ̇EX13,
̇EX2,

̇EXSF,in and
̇EXWI,in are the exergy 

of streams 13 and 2, the exergy of the solar working fluid 
entering the steam generator and the inlet exergy of the 
waste incineration unit, respectively. As such, the terms 
̇EX1,

̇EX3,
̇EXSF,out and

̇EXWI,out represent by turning the 
exergy of streams 1 and 3; the exergy of the solar fluid and 
the flue gas exits from the steam generator.

For the triple-stage turbine, the rate of exergy destruc-
tion ( ̇EXDe

ST
 ) can be given as below [43]:

in which the terms ̇EX1,
̇EX2,

̇EX3,
̇EX4 and ̇EX5 are exergy 

of streams 1, 2, 3, 4 and 5 and ẆST is produced work of 
steam turbine, respectively. Note that a model of the entire 
turbine set is given here while one may have the assessment 
of each stage of the turbine in terms of exergy performance 
as well.

The next main component of the power cycle is the con-
denser, for which the exergy destruction rate is given by [43]:

(28)𝜀i =
̇EXout

̇EXin

=
̇EXin −

̇EX
De

i

̇EXin

(29)

̇EX
De

SG
=
∑

̇EXin −
∑

̇EXout

=
(

̇EX13 +
̇EX2 +

̇EXSF,in +
̇EXWI,in

)
−

(
̇EX1 +

̇EX3 +
̇EXSF,out +

̇EXWI,out

)

(30)̇EX
De

ST
=
(

̇EX1 +
̇EX3

)
−
(

̇EX2 +
̇EX4 +

̇EX5

)
− ẆST

(31)̇EX
De

C
=
(

̇EXin −
̇EXout

)
S
−
(

̇EXout −
̇EXin

)
CT

where the subscripts S and CT stand for the steam flow and 
the cooling tower, respectively. The exergy efficiency of the 
condenser is calculated as:

Similarly, for the pump, one has [43]:

In a similar manner, one may have the following for-
mulations for the open and closed feedwater tanks and the 
mixing chamber, respectively [43]:

where the parameters ̇EXz are the exergy of the 
points z through the power plant (the points num-
bers can be seen in the configuration of the plant). 
̇EX

De

OFWH
, ̇EX

De

OFWH
and ̇EX

De

OFWH
 are the exergy destruc-

tion of the open and closed feedwater tanks and the mixing 
chamber.

LS2 PTC For a PTC, the input exergy can be given by 
[44]:

in which To and Tsun are the dead state temperature and the 
sun’s surface temperature (both in K), respectively. Here, 
the exergy efficiency is defined as the ratio of the net exergy 
gain to that received by the collector [44]:

(32)𝜀Cnd =

(
̇EXin −

̇EXout

)
S(

̇EXout −
̇EXin

)
CT

(33)

̇EX
De

P
= ̇EXin −

̇EXout +ẆP; and ∶ 𝜀P =

(
̇EXout −

̇EXin

)

ẆP

(34)

̇EX
De

OFWH
= ̇EX4 +

̇EX7 −
̇EX8 ; and ∶ 𝜀OFWH =

̇EX8

̇EX4 +
̇EX7

(35)

̇EX
De

CFWH
= ̇EX2 +

̇EX9 −
̇EX10 −

̇EX11 ; and ∶ 𝜀CFWH =
̇EX10 −

̇EX9

̇EX2 − ̇EX11

(36)

̇EX
De

MC
= ̇EX10 +

̇EX12 −
̇EX13 ; and ∶ 𝜀MC =

̇EX13

̇EX10 +
̇EX12

(37)

̇EXin,PTC = IbAa

(
1 −

4To

3Tsun
(1 − cos𝛿)0.25 +

1

3

(
To

Tsun

)4
)

(38)𝜀PTC =
̇EXgain,PTC

̇EXin,PTC

=

IbAa

(
1 −

4To

3Tsun
(1 − cos𝛿)0.25 +

1

3

(
To

Tsun

)4
)
− ̇EX

De

PTC
− ̇EX

Loss

PTC

IbAa

(
1 −

4To

3Tsun
(1 − cos𝛿)0.25 +

1

3

(
To

Tsun

)4
)
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Note that exergy losses ( ̇EXLoss

PTC
 ) are caused by optical 

error and heat transfer losses from the solar receiver and 
the exergy destruction ( ̇EXDe

PTC
 ) is due to heat transfer 

between the absorber and the solar working fluid. By intro-
ducing the dimensionless exergy term of ̇EX

�

=
⋅

EX

̇EXin,PTC

 , the 
exergy efficiency of the solar collectors may be defined as 
[45]:

where

It should be noted that exergy destruction due to the fric-
tion of the viscous solar working fluid is not considered here.

Waste incineration For a waste incineration process, the 
rate of exergy destruction is given by [46]:

in which ̇EXMSW,
̇EXA,

̇EXFG and ̇EXAsh are the exergy of 
the waste burnt in the incineration process, the exergy of air 
consumed during the incineration process, the exergy of the 
flue gas produced and the exergy of the ash withdrawn from 
the incinerator chamber, respectively.

The exergy of the municipal waste can be calculated by [37]:

where the parameters C, H, O, N, S, and Ash are the mass 
of compositions carbon, hydrogen, oxygen, nitrogen, sulfur 
and ash, respectively.

The exergy of the ash can also be given as [46]:

(39)
𝜀PTC = 1 −

(
̇EX

�

d,ΔP
+ ̇EX

�

d,q1
+ ̇EX

�

d,q2
+ ̇EX

�

loss,opt
+ ̇EX

�

loss,q

)

(40)̇EX
�

d,q1
= 𝜂o

⎛
⎜⎜⎜⎝
1 +

IbAa

⋅

EX
in,PTC

�
Δz

Lc

�
j

To

Ta,j
− 1

�⎞
⎟⎟⎟⎠

(41)̇EX
�

d,q2
= Toṁf

�
∫
Te
Ti

cp(T)
dT

T
−
∑

j
1

Ta,j
∫
Te,j

Ti,j
cp(T)dT

�

̇EXin,PTC

(42)̇EX
�

loss,opt
= 1 − 𝜂o

(43)̇EX
�

loss,q
=

∑
j Q̇j,loss

�
1 −

To

Ta,j

�

IbAa

�
1 −

4To

3Tsun
(1 − cos𝛿)0.25 +

1

3

�
To

Tsun

�4
�

(44)̇EX
De

WI
= ̇EXMSW + ̇EXA − ̇EXFG − ̇EXAsh

(45)
̇EXMSW = ṁMSW

(
1812.5 + 295.606C + 587.354H + 17.506O

+ 17.735N + 95.615S − 31.8Ash

)

in which TAsh is the temperature of the ash in K. The exergy 
rate of the flue gas supplied for Boiler 2, considering a per-
fect gas model for that, is calculated by the following equa-
tion [46]:

here ṁFG, ̇EX
ch

FG
 , TFG and PFG refer to the mass flow rate, 

chemical exergy, temperature and pressure of the flue gas 
stream going out of the incineration chamber.

Note that since air enters the chamber in ambient tem-
perature, the exergy of the airflow is to be zero.

Emission model

In the hybrid system proposed, naturally, the solar part is 
100% environmentally friendly and it is the waste incinera-
tion unit that has an environmental impact. However, one 
should note that although the waste incineration process 
makes pollution, it prevents much more greenhouse gas from 
being emitted from the landfilling process of the munici-
pal solid waste. The US environmental protection agency 
has measured how much emission is caused on average by 
municipal solid wastes when being incinerated or when 
being landfilled, resulting in 415 kg and 840 kg of CO2e per 
tonne of waste [47]. Thus, incineration is an environmentally 
friendly process as it is preventing about 425 kg CO2e per 
tonne of waste on average. This can also be mathematically 
calculated for any specific type of waste source by [48]:

where Eλ and  GWPλ are the amounts of emitted gas in the 
gas mixtures released in the environment from the chimney 
of the incinerator, and the global warming potential of each 
of these gases. Also, �λ , M and ξ are the emission concen-
tration of each gas, the mass of the waste and the volume of 
exhaust gas mixture.

Economic model

The objective of this work for presenting an economic analy-
sis of the system is to prove the feasibility of the hybridiza-
tion proposed economically. Therefore, as a reliable index, 
the levelized cost of energy (LCOE) of the system is to be 
calculated and then compared to a number of popular power 
plant technologies, e.g., natural gas-based steam power 

(46)̇EXA = ṁA

(
0.0004056T2

Ash
+ 0.01057TAsh − 54.44

)

(47)

̇EXFG = ṁFG

(
̇EX

ch

FG
+cp,FG

(
TFG − To

)

− To

(
cp,FGln

(
TFG

To

)
− Rln

(
PFG

Po

)))

(48)ECO2e =
∑

EλGWPλ;where ∶ Eλ =
∑

�λ�M
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plant, gas turbine, combined cycle plant, pure solar energy 
plant, and pure waste incineration plant. The LCOE of an 
energy production system is calculated as [49]:

where I$ , M$ , and O$ are, respectively, the capital (includ-
ing the installation fees), the maintenance, and operation 
costs, while P is the amount of the power generation in a 
year. Also, r represents the interest rate, y and Y are the year 
number and the system’s lifetime (considered as 25 years). 
The item $MSW is the annual cost of the municipal waste 
burnt in the system. The subscripts Sol, WIU and RC are, 
respectively, the solar system, the waste incineration unit 
and the Rankine cycle.

Results and discussion

In the results section, first of all, some information about 
the case study of this work, i.e., Aarhus city of Denmark, 
is given. Then, the model used for the PTC is validated. 
Afterward, the results of the energy, exergy, economic and 
environmental assessments are presented.

(49)

LCOE =

∑Y

y=1

�
(I$t+M$t+O$t)

(1+r)y

�
y

∑Y

y=1

�
(P)

(1+r)y

�
y

;

where ∶

⎧⎪⎨⎪⎩

I$t = I$Sol + I$WI + I$RC
M$t = M$Sol +M$WI +M$RC
O$t = $MSW

The case study information

The hybrid solar–waste-driven power plant is proposed to 
be built up in Aarhus, where there are several waste incin-
eration units and the municipality together with the energy 
planers has decided to bring a solar thermal power plant 
into the energy system of the city. Figure 3 shows a dura-
tion curve of the solar energy availability in Aarhus on a 
horizontal surface in W m−2. This figure shows that out of a 
total of 8760 h a year, only half of that offers solar irradia-
tion and during about 1500 h; a solar irradiation intensity 
greater than 300 W m−2 may be expected. A maximum of 
just below 900 W m−2 can also be received by a horizontal 
surface in Aarhus mid-summer.

As mentioned before, the solar farm is supposed to hire 
tracking systems; thus, it is important to know how much 
solar energy is available for the tracking PTCs. Figure 4 
makes a comparison of the amount of receivable solar 
radiation with a horizontal collector and a tracking col-
lector during four typical seasonal days. This figure clearly 
shows the impact of the hiring tracking system, showing 
the big difference between fixed and tracking solar fields. 
This effect is even more during the summer as in this sea-
son a better solar energy collection index will result in a 
bigger difference.

Figure 5 shows the potential of Aarhus in terms of waste 
incineration capacity during 2015 in a total daily format. As 
seen, by 2015, there has existed a maximum of 85 MWh per 
day heat production capacity by waste incineration plants 
in the case study. The incineration units are mainly for the 
baseload supply of the local district heating system, which 
naturally decreases during the summer.
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Validation of the PTC model

Naturally, for making reliable results, the models used for 
the simulations should be validated. The models used for 
the Rankine cycle and waste incineration processes are vali-
dated in different ways in the literature. Here, however, the 
model used for the PTCs is validated. For this, the results are 
compared with the experimental results presented in [50]. 
Figure 6 makes this comparison for several different cases, 
i.e., different solar irradiation levels, temperatures, operating 
fluids, etc. According to the figure, a very good agreement 
between the referenced values and calculated values is seen. 
Here, the maximum and mean differences are only 0.1% and 
0.06%, respectively.

Energy analysis results

Table 2 presents information about the physical properties 
of the working fluid in the Rankine cycle. As such, the last 
column of the table gives the mass flow rate of the work-
ing fluid at a different point along the cycle while working 
in the nominal load, just to be an indication of the share of 
the working fluids withdrawn for reheat and regenerations 
loops, etc.

For any power plant, there should be a pattern based on 
which the power plant bids for power sales. This bidding 
process, which should be done every day and takes place 
in the power market, requires complicated calculations and 
is out of the scope of this work. However, as a power-sale 
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pattern is required to be able to simulate the performance 
of the power plant, relying on the facts presented about 
the system characteristics and its operational restrictions, 
a daily power sales strategy is defined in this work. Based 
on this strategy, the power plant is committed to provide a 
uniform amount of X + 5 MW power during the day (from 
sunshine to sunset) and the uniform amount of 5 MW 
during the night, where X is the maximum instantaneous 
power which is producible by the incoming solar irradia-
tion during a given day. The number 5 is the minimum 
allowed of waste incineration load. Figure 7 shows this 
parameter for the four typical seasonal days. As seen, the 
sales value is considerably higher during the summer as 
more solar energy is available. Naturally, when no solar 
irradiation is coming, e.g., winter days, the load of the 
power plant decreases as well.

As explained before, the power plant is supposed to 
have the nominal capacity of 20 MW and the solar field 
is so sized that it can support the required heat for pro-
ducing 15 MWe by the Rankine cycle. The calculations 
show that a Rankine cycle with the characteristics given 
in Table 3 will offer a net efficiency of 34%. Thus, for 
producing 15 MWe power, the solar field should be sized 
for 44 MW of maximum heat output. Knowing the amount 
of energy obtainable from one single collector, similar to 
that characterized in Table 1, one could size the solar farm 
of the power plant. Figure 8 shows the amount of net heat 
produced by one set of LS2 PTCs for the four sample sea-
sonal days. The observations reveal that a peak amount of 
140 kW heat may be produced by each collector. There-
fore, a total of 315 LS2 parabolic trough solar collectors 
are required for the sized solar–waste hybrid power plant 
of this work.

Figure 9 illustrates the effects of variation of the collec-
tors’ outlet temperature on the thermal efficiency of the col-
lector as well as its net heat output. As seen in the figure, 
the efficiency and the rate of net heat output decrease as 
the collectors’ outlet temperature increases and vice versa. 
Figure 9 shows that as the solar working fluid increases, 
the efficiency of the collector decreases. The reason is that 
the irreversibility increases due to the temperature increase 
of the working fluid and consequently increasing the tem-
perature difference between the working fluid and the ambi-
ent. Two heat transfer factors lose heat from the pipe to the 
ambient, convective heat transfer between the cover and 
the ambient as well as radiative heat transfer between the 
cover and the sky. These two factors of heat loss increase 
as the working fluid temperature increases. The maximum 
thermal efficiency of 72% and net heat output of 180 kW 
are obtained for the low outlet temperature of 500 K while 
these two will decrease to, respectively, 32% and 80 kW if 
the fluid outlet temperature reaches 1000 K.

Fig. 6  Validation of the 
parabolic trough model in com-
parison with the results given 
in [50]
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Table 2  Values of physical properties of the steam/water in different 
positions along the power block

Point P/bar T/K h/kJ kg−1 s/kJ kg−1K−1
m

⋅

nominal
 /

kg s−1

1 100 773.2 3373.998 6.597 21.54
2 30 622.8 3113.855 6.741 21.54
3 30 773.2 3456.597 7.234 18.03
4 2.5 573 3069.846 7.787 2.18
5 0.1 318.9 2583.104 8.147 15.85
6 0.1 318.9 191.719 0.6489 15.85
7 2.5 319 192.042 0.6491 15.85
8 2.5 400.6 535.387 1.607 18.32
9 100 402.3 549.229 1.616 18.32
10 100 507 1007.241 2.643 18.32
11 30 507 1008.241 2.645 3.51
12 100 509.2 1019.564 2.651 3.51
13 100 487.6 920.7 2.453 21.54
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Figure 10 shows the share of the solar thermal system 
and the waste incineration unit in the heat production of 
the hybrid power plant for the four sample days. This figure 
is based on the power sales strategy defined for the power 
plant. Naturally, during the nights, the solar thermal system 
contribution is zero and the waste incineration unit provides 
enough heat for producing 5 MW of power output (5 MW of 
power/0.34 as the efficiency of the cycle = 14.7 MW heat). 
During the day, on the other hand, the amount of power 
output of the cycle should be constant always. Thus, any 
reduction of solar energy availability should be compensated 
by a higher rate of heat output from the waste incinerator.

Figure 11 shows the trend of the energy efficiency of 
the hybrid power plant during the sample days. According 
to the figure, the maximum energy efficiency of the cycle 
is 27%, which is obtained when the waste incineration is 

working at the full load and no solar heat is injected into the 
system. This value is indeed the result of the waste incin-
eration process efficiency (80%) multiplied by the Rankine 
cycle thermal efficiency (34%). As seen, as the share of solar 
heat increases, the efficiency of the plant decreases and this 
is due to the low conversion efficiency of the PTC, which 
is a rational finding. One should note although the conver-
sion efficiency of such solar collector is low, its effective 
role in hiring the free source of solar energy at a high tem-
perature suitable for power production makes it an interest-
ing technology and highly worthy of investment. From a 
practical point of view, it could be noted that about 11% of 
the required energy of this plant is provided from the free 
source of solar energy. This contribution increases the share 
of renewable energy in the chain of energy supply.

Figure 12 shows a duration curve of the energy efficiency 
of the hybrid cycle throughout the year. As can be seen, the 
maximum efficiency value of the plant will be 27.1% which 
is related to the cases when the share of the solar system is 
zero (100% supply from the waste incineration). This is, in 
fact, the dominant state of the power plant for about 68% 
of the year period. On the other hand, the lowest energy 
efficiency of the cycle will be when the contributions of the 
solar and waste incineration systems are, respectively, maxi-
mized (75%) and minimized (25%), which is equal to 19.5%. 
This, naturally, happens only a few times a year. About 
2800 h a year the power plant efficiency will be between the 
maximum and minimum values as the solar share varies for 
these times.
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Fig. 7  Electricity sales plan of the hybrid power plant

Table 3  Exergy performance audit of the Rankine cycle components

Components Exergy 
destruction/
kW

Exergy 
Effi-
ciency/%

Exergy destruction of the 
components relative to the 
cycle/%

Boiler 8462 64 36.00
Turbine 4892 67 20.80
Condenser 1244 86 5.30
Pump 1 0.6 77 0.01
Pump 2 23 81 0.10
Pump 3 2.9 86 0.01
OFWH 297.4 65 1.30
CFWH 8417 12 35.82
Chamber 162 93 6.90
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Fig. 10  Shares of the solar 
collector field and the waste 
incinerator in thermal energy 
preparation for the cycle
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Fig. 11  Thermal efficiency 
of the combined solar–waste 
power plant during the four 
typical days
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Fig. 13  The collector exergy 
efficiency for various mass flow 
rates and inlet working fluid 
temperatures
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Exergy analysis results

For exergy analysis results, first of all, it is the exergy per-
formance assessment of the LS2 PTC that is presented and 
discussed. Figure 13 shows the exergy efficiency of the col-
lector in a wide range of inlet working fluid temperatures for 
various working mass flow rates. According to the figure, a 
higher mass flow rate results in a better exergy performance 
of the collector while, regardless of the mass flow rate, there 
is an extremum point for the optimal input fluid temperature, 
i.e., around 350 °C, resulting in the best exergy efficiency 
of the collector, i.e., around 33–34% for various considered 
mass flow rates.

Figure 14 investigates the effect of solar irradiation inten-
sity on the exergy performance of the collector. Here also, a 
wide range of working fluid inlet temperatures are examined. 
It is seen that there is no stable trend for the variation of 
the exergy efficiency of the collector versus the variation of 
the solar irradiation, that is, in low inlet fluid temperatures, 
increasing the solar irradiation leads to the reduction of the 
exergy efficiency of the collector while after some point, 
i.e., 300 °C, the trend becomes inverse. From Figs. 13 and 
14, it could be concluded that if one would extract the high-
est energy from the PTC, as much as possible, the Rankine 
cycle should be controlled so that the output temperature 
of the solar working fluid at the outlet of the boiler will 
be changed according to the amount of the solar radiation, 
e.g., when the solar radiation is about the 500 W m−2 and 
1000 W m−2, the outlet temperature should be around the 
350 °C and 450 °C, respectively.

Having this information about the effective parameters 
on the exergy performance of the LS2 PTCs, Fig. 15 shows 
the exergy gain of one single collector in the system. This 
comes for the entire year (up) and the 4 sample days for bet-
ter illustration of the fluctuations (down). According to the 
figure, the maximum possible exergy input of the collector 
set is 15 kW which is naturally achieved during the times 

with higher solar irradiation intensity. As the solar intensity 
falls, the exergy input of the collector also decreases.

Similarly, Fig. 16 shows the exergy efficiency of the col-
lector module during the year (up) and the four typical sea-
sonal days (down). It is observed that the exergy efficiency 
of the solar field does not exceed 0.37% at any point during 
the year. Here, it is seen that, during the sunnier days, better 
exergy efficiency of the plant is obtained; however, this can-
not be generalized because the exergy efficiency, in addition 
to the solar irradiation intensity, is a function of ambient 
temperature and more importantly the inlet temperature of 
the solar working fluid. During the sample day of January, 
the exergy efficiency does not exceed the low value of 14%.

In the next step, one should assess the performance of 
the incineration process exergetically. Figure 17 shows 
the rates of input exergy and exergy destruction of the 
waste incineration unit for various loads of the incinerator. 
This includes the exergy destruction rate through Boiler 
2 as well. Naturally, this starts from the minimum load of 
5 MW as the incinerator is not going to work below 25% 
of its nominal load (20 MW). As seen, at full load, the 
input exergy of the waste incineration unit will be about 
120 MW out of which, about 68 MW is destructed. In the 
minimum load of 5 MW, the exergy destruction rate will 
be 17 MW while the input exergy is about 30 MW. Divid-
ing these values to each other for the full and minimum 
loads, one can find out that the exergy efficiency of the sys-
tem will be constant in all loads, i.e., 43%. Although this 
may not be realistic for dynamic operation conditions, this 
finding is yet correct in this work as this study neglects 
the effects of the partial load operation. Note that for the 
presented results so far, based on the advice coming from 
[36], the rate of excess air in the incineration process was 
considered 80%.

Figure 18 shows the rate of exergy destruction of various 
components of the Rankine cycle during the year. The figure 
is presented based on the duration curves to see in what por-
tion of the time a year a component goes for its highest rate 

Fig. 14  The collector exergy 
efficiency for various solar irra-
diations and inlet working fluid 
temperatures
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of irreversibility. As seen, the highest exergy losses occur in 
the closed feedwater tank and then, it is the steam generators 
(both Boilers 1 and 2) that cause the largest rates of irrevers-
ibilities. Expectedly, pumps and the mixing chamber do not 
make that amount of exergy destruction in the cycle.

Table 3 gives information about the exergy destruction 
rate of the components when working in full load. The table 
also presents information about the obtained exergy effi-
ciency of the components. Note that here also as the effects 
of partial load operation are neglected, regardless of the type 
of heat source, a certain and constant exergy efficiency is 
obtained for the Rankine cycle which is 50%.

Having the presented information about the main subsys-
tems of the hybrid power plant, i.e., the solar thermal unit, 
the waste incineration unit, and the Rankine cycle, one could 
make an assessment of the exergy performance of the whole 
hybrid power plant. Figure 19 presents information about 

the hourly average rate of irreversibility in the entire power 
production complex. According to the figure, during the 
summer, the rate of irreversibilities in the system is higher. 
This is mainly due to the fact that during summer more solar 
energy is available, thus, the power sales strategy is based 
on more power sales values. Therefore, the rate of exergy 
destruction is also higher than in winter and fall.

In Fig. 19, it is seen that the exergy destruction rate at 
the nominal load operation of the hybrid system is about 
110 MW. As the exergy output of the system in this condi-
tion is only 20 MW (equal to the power output of the sys-
tem), therefore, the exergy efficiency of the system should 
be rather small. Figure 20 shows the duration curve of the 
hourly averaged exergy efficiency of the hybrid power plant. 
Confirming the finding of the previous figures, an exergy 
efficiency not better than 21.5% is achieved from the hybrid 
power plant. Just taking the previous figures into account, 
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Fig. 17  The rate of exergy 
destruction and input exergy 
of the incinerator in various 
operating loads
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one may easily rank the exergy destruction sources in the 
power plant. It will be the solar field that makes the largest 
irreversibilities. Then, the waste incinerator causes the sec-
ond largest value of exergy destruction in the system. The 
turbine set is another source that makes a huge rate of exergy 
destruction in the Rankine cycle.

Figure  21 accomplishes a sensitivity analysis of the 
exergy efficiency of the hybrid cycle for various shares of 
solar and waste incineration boilers. This would help to 
better understand the role of the incineration process and 
the solar thermal systems in the exergy performance of the 
hybrid power plant. The figure includes the share of waste 

incineration from 25% (minimum possible share) up to 
100% (full-load operation of the cycle with waste source 
only). On the other hand, the share of solar energy can be 
between 0% (when no solar energy is available) and 75% 
(when maximum solar irradiation comes to the solar farm). 
Overall, maximum exergy efficiency of about 22% (at full 
waste incineration load) and a minimum of just above 17% 
(when the solar share is at an average level) are achievable 
from the hybrid system. The interesting finding is that there 
is the worst share of solar energy for the system exergeti-
cally. That is the solar share of 40% before and after which 
the exergy efficiency of the cycle increases.
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LCOE and emission

Figure 22 compares the total hourly emission of the hybrid 
plant with that of a power plant driven by a waste incin-
erator only (i.e., no solar energy for the same power sales 
pattern). This figure helps to perceive the role of the solar 
thermal system for making the system more environmen-
tally friendly. Clearly, the level of emission reduction is 
much larger during the summer when more solar energy is 
available.

The next step is to compare the amount of emission of the 
hybrid power plant with those of regular power production 
systems, e.g., natural gas-driven Rankine power plant and 

gas turbine. To make a fair judgment, in this comparison, the 
absolute environmental impact of our hybrid power plant is 
taken into account. This, indeed, means considering both the 
emission that our plant is causing and the emission that is 
prevented by burning the municipal waste rather than sim-
ply landfilling of the waste. According to [47], municipal 
waste landfilling causes an average of 840 kg of CO2e per 
tonne of waste while incineration of the same amount of 
waste would make only 415 tonnes of CO2e. Thus, incin-
eration of municipal waste is indeed a way of preventing a 
further amount of emission, i.e., 425 kg CO2e per tonne of 
waste. By this information, Fig. 23 compares the combined 
solar–waste power plant, a conventional natural gas-driven 

0.22

0.21

0.2

E
xe

rg
y 

ef
fic

ie
nc

y

0.19

0.18

0.17
0 1000 2000 3000 4000

Time/h
5000 6000 7000 8000

Fig. 20  Duration curve of the exergy efficiency of the hybrid cycle along the year

1 0.95 0.9 0.85 0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25

0.17

0.18

0.19

0.2

0.21

0.22

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Ex
er

gy
 e

ff
ic

ie
nc

y

Solar share

Waste incineration unit share

Fig. 21  Sensitivity analysis of the exergy efficiency of the cycle for various shares of solar and waste incineration boilers



937Thermodynamics, economic and environmental analyses of a hybrid waste–solar thermal power…

1 3

Rankine cycle, and a conventional gas turbine in terms of 
environmental impacts. According to the figure, there is a 
big difference between the environmental impacts of the 
power plants. The negative level of released greenhouse 
gases means much environmental benefit via preventing 
pollutants being released to the environment in the com-
bined solar–waste plant while the others cause a significant 
quantity of pollution released to the environment.

In the end, Fig. 24 compares the LCOE of the hybrid power 
plant with some other popular and conventional power produc-
tion technologies. The figure considers the share of four types 
of costs in the total LCOE of the system, e.g., capital invest-
ment, fixed and variable operation and maintenance costs, and 

fuel costs. Naturally, as the system is complex and intelligently 
designed, presenting interesting services compared to the other 
systems, it should not be expected that the system outperforms 
the other systems in terms of the LCOE value as well. How-
ever, as the figure shows, the LCOE of the system is still very 
close to the others. The main reason for this is the free source 
of energy in the hybrid system, i.e., waste/solar energy, while 
for the conventional systems, e.g., biomass and gas plants, a 
huge portion of the LCOE is related to the cost of fuel. Among 
the considered cases, wind power and solar PV offer lower 
LCOE values both of which suffer from fluctuating power 
output. The gas combined cycle and waste incineration plants 
also offer interesting LCOE values but the main problem with 
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these systems is their emission. It is noteworthy that, this study 
does not take emission taxes into consideration. If emission 
taxes come into account as well, the LCOE of the hybrid cycle 
would even be more interesting.

Conclusions

This work presents a thorough thermodynamic and sus-
tainability analysis (comprising energy, exergy, economic 
and environmental analyses) of a hybrid Rankine-based 
power production system in which the driving heat is pro-
vided by a combination of PTCs and a waste incinerator. 
This novel hybrid renewable power plant will contribute 
to a higher share of renewables in the future energy sys-
tems due to the several advantages it offers from energy, 
cost and environmental points of view. This is evident that 
renewable energies improve energy security in a long run 
and reduce dependence on fossil resources. This means 
having access to the requisite volumes of energy at afford-
able prices. Solar energy as a sustainable energy source, 
when combined with an agile energy output stabilizer as 
a waste incinerator, for electricity generation can signifi-
cantly increase the energy security level. Consequently, 
this hybrid system not only enhances energy security but 
also decreases the environmental concerns about waste 
production.

The results of the energy analysis showed that the system 
offers the annual average thermal efficiency of 25% which 
is an interesting value for a system with solar concentrating 
units. The exergy efficiency of the system is, however, not 
that satisfactory, only about 20%, due to the large exergy 

destructions mainly in the solar farm, the incinerator, and 
the turbine set of the Rankine cycle. A simple method of 
improving this factor is to revise the preheating process of 
the feedwater before the first boiler. Also, an optimal opera-
tion strategy based on which the solar system and the waste 
incineration unit could perform better exergetically can 
remarkably be beneficial for this objective. The results of 
environmental impact analysis show that the hybrid system 
not only outperforms all other conventional power produc-
tion systems, but also prevents a huge amount of greenhouse 
gases being emitted via incineration of municipal waste 
instead of landfilling. The economic assessment calculates 
the LCOE of the hybrid solar–waste Rankine-based system, 
82 USD MWh−1, which is more or less in the same range 
as others, proving the excellence of the proposal taking the 
supreme energy, exergy and environmental performance of 
the system.

Based on the definitions, sustainability stands on the three 
main pillars of economic, social and environmental aspects. 
The investigated system of this work is considered a sustain-
able solution because:

1. environmentally speaking, it leads to massive amount of 
emission reduction;

2. economically speaking, its LCOE is much inspiring and 
even comparable with the LCOE of wind turbines and 
PV plants;

3. and socially speaking, it paves the path for a cleaner and 
healthier environment as well as access to cheap and 
reliable energy in electricity sector.
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